A two-layer source model for marine magnetic anomalies can accommodate several observations made on the shapes of anomalies in the Pacific and southeast Indian oceans. The layers are defined on the basis of cooling history and magnetic properties. The upper layer consists of rapidly cooled basalts, which acquire a strong magnetization near the ridge axis. This layer, with narrow transition zones, can account for the observed short polarity events. The lower layer consists of moderately magnetized, slowly cooled intrusive rocks in the lower oceanic crust. The transition zones in this layer are broad, sloping boundaries reflecting the delayed acquisition of magnetization with depth as, for example, along a sloping Curie point isotherm. The lower layer can account for a skewness discrepancy of 10ø-15 ø in the observed skewness of some anomalies. It is shown that the upper layer has to contribute about three quarters of the total amplitude of magnetic anomalies in order for this model to simulate the observed shape of the anomalies. The model predicts that a deep drill hole located just to the older side of a reversal boundary in the upper part of the oceanic crust should encounter a magnetization polarity reversal within the lower oceanic crust.
INTRODUCTION
The shape of marine magnetic anomalies is dependent on the vertical and horizontal variations of magnetization within the oceanic crust. The simplest model for the source of marine magnetic anomalies assumes that they are caused by a layer of constant thickness and constant magnetization intensity separated into two-dimensional blocks of alternating polarity by narrow vertical transition zones. This model predicts that when marine magnetic anomalies are phase-shifted to the pole (i.e., the remanent magnetization and present magnetic field vectors are made vertical), they will appear to be symmetrical (in the skewness sense). However, recent studies indicate that there are systematic discrepancies between the observed skewness of some magnetic anomalies and the skewness predicted by the simple model. This conclusion is based on studies of anomalies 27-32 in the North and South Pacific [Cande, 1976] and anomalies 5-20 in the southeast Indian Ocean [Weissel and Hayes, 1972] .
A skewness discrepancy is best seen in anomalies 27-32 in the Pacific. Cande [1976] analyzed the skewness of 35 magnetic profiles from six separate locations: two in the North Pacific, three in the southwest Pacific, and one in the southeast Pacific.
The lineations in these locations were formed at a variety of azimuths and spreading rates. In each area a mean value of skewness 0 and the half width A0 of the 95% confidence interval were determined by averaging the skewnesses of several anomalies on each of several profiles. Although there is a range of skewnesses for individual anomalies, /x0 in all areas was of the order of 6 ø . As an example of a skewness discrepancy, in Figure 1 we show five profiles from the southwest Pacific south of the Eltanin (EL) fracture zone that have been phase-shifted to the Late Cretaceous paleomagnetic pole for the Pacific plate determined by Cande [1976] . It should be noted that although a few of these anomalies resemble the model profile constructed at the pole, the average anomaly more closely resembles the model profile constructed with a phase shift of 14 ø. In later figures we will use the EL33 profile as an example of the observed data, although it should be kept X Also with Department of Geological Sciences, Columbia University, New York, New York 10027.
Copyright ¸ 1976 by the American Geophysical Union. in mind that we are attempting to model what we interpret as a systematic skewness discrepancy and not necessarily the skewness of any one anomaly on any individual profile.
The skewness discrepancy found for anomalies 27-32 in the Pacific is characterized by three observations [Cande, 1976] : (1) these anomalies appear to be skewed by about 10 ø when they are phase-shifted to the pole (Figure 1 ), (2) the skewness of these anomalies on opposite sides of the Pacific-Antarctic ridge differs by approximately equal but opposite amounts, and (3) the magnitude of the skewness discrepancy appears to be spreading rate dependent (10ø-15 ø for a spreading rate of 4.75 cm/yr but only 5ø-10 ø for a spreading rate of 3.5 cm/yr). Weissel and Hayes [1972] , in a study of anomalies in the southeast Indian Ocean, observed that there was a total skewness discrepancy of approximately 20 ø across the ridge crest in anomalies 5-20, although they did not observe a skewness discrepancy in anomalies younger than anomaly 5.
Skewness discrepancies have only been found to date in a few areas. However, since it is often difficult to measure skewness accurately, skewness discrepancies could be present and unnoticed in other areas. For example, it is difficult to measure the skewness of anomalies when the reversal boundaries are closer together than about 20 km. It should also be pointed out that there are areas in which skewness measurements have been made but no systematic skewness discrepancies were found, as, for example, in anomalies M1-M10 in the Pacific Ocean [Larson and Chase, 1972] . Two general ways of explaining the skewness discrepancy in anomalies 27-32 in the Pacific have been suggested [Cande, 1976]. The first is to modify the assumed behavior of the paleomagnetic field. For example, there may be an increasing number of undetected short polarity events toward the end of long intervals of predominantly one polarity. The second is to modify the nature of the source layer: either the average remanent magnetization vector may be rotated from its original direction, or the configuration of the transition zones between the blocks of alternating polarity may be modified. For the purposes of this paper it will be assumed that the paleomagnetic field does not contribute to the skewness discrepancy and also that the average direction of the remanent magnetization vector in the magnetic source is the same as the paleomagnetic field direction at the time at which the magnetization was acquired. Making these assumptions, we will consider the effects of modifying the configuration of the transition zones to produce a skewhess discrepancy.
ASYMMETRICAL TRANSITION ZONES
The observation that some magnetic anomalies appear to be skewed by 10ø-15 ø when they are phase-shifted to the pole suggests that the transition zones between the source blocks of alternating polarity may be asymmetrical. Schouten and McCamy [1972] and Atwater and Mudie [1973] previously noted that the effect of a nonvertical transition zone, such as can be produced, for example, by either their extrusion (flow) or intrusion (dike) model, is to introduce a phase shift in the magnetic anomalies. To investigate the effects of an asymmetrical transition zone, we followed the method developed by Schouten and McCamy [1972] , who showed that magnetic anomalies can be modeled by using linear filtering techniques.
We have chosen one of their filters, the half-Gaussian filter, to simulate the effect of an asymmetrical ridge crest process in the formation of the magnetic layer, such as by the ponding of extruded lavas. In a general sense, this filter simulates any process which leads to a transition zone in which the magnetization distribution has the shape of an integrated half-Gaussian curve. Such a magnetization distribution can also be viewed as a cross section through the magnetic layer, oppositely magnetized blocks being separated by a surface in the shape of an integrated half-Gaussian curve (see the appendix). The effects of this filter are to (1) smooth the anomaly pattern and (2) phase-shift the anomalies. The amount of smoothing and phase shifting is determined by the width of the filter. It is specified by the standard deviation a of the width of the transition zone.
Using the half-Gaussian filter to make preliminary models of the magnetic source, we reached the general conclusion that the skewhess discrepancy could not be explained by modifying the shape of the transition zones of a simple one-layer model. This is a result of the fact that in order to generate a 10ø-15 ø phase shift for the spreading rate of 5 cm/yr assumed in all models in this paper, the standard deviation a of the halfGaussian filter has to be of the order of 10-20 km (a has to be scaled appropriately for other spreading rates). The effects of this filter are twofold (Figure 2) . First, the phase shift produced by a half-Gaussian filter is not uniform. Certain frequencies are phase-shifted more than others, a distortion in the magnetic anomaly profile thus being produced. This distortion is not apparent in the observed data. Second, the anomalies due to the short polarity intervals are lost owing to the smoothing effect of the broad half-Gaussian filter. However, such anomalies are apparent in the observed record, particularly the small positive anomaly between anomalies 32 and 33 which can be identified consistently in magnetic profiles worldwide.
The asymmetry of the half-Gaussian filter causes the phase shift, and asymmetric distributions other than half-Gaussian will have similar phase-shifting effects [Schouten and McCamy, 1972] , not necessarily in the same sense. For example, the filter that can be used to simulate the dike injection process is also asymmetric but produces a phase shift in the opposite sense to that produced by a flow model [Atwater and Mudie, 1973] and to the observed skewhess discrepancy. In any case our modeling studies suggest that a broad zone of dike injection or lava flows of the order of 15 km from the ridge crest would be required to produce 10ø-15 ø of skewing; such a broad emplacement mechanism for a single-layer model of the magnetic source would result in smoothing and distortion incompatible with the magnetic profiles that we studied. . Model generated at the pole for a simple one-layer source, assuming blocks of alternating polarity separated by broad slanting transition zones for anomalies 27-32, compared to the EL33 profile phase-shifted to the pole. The broad slanting transition zones were modeled with a half-Gaussian filter with a width a of 10 km. Although the model profile does appear slightly phase-shifted, as does the observed profile, the effect of the broad slanting transition zones is to smear out anomalies due to short polarity intervals (e.g., the small anomaly near 32, indicated by dot) and to distort the entire profile. This model is compatible with the observation that the magnitude of the skewness discrepancy, which is related to both the depth and thickness of the slowly cooled lower layer and the position of the isotherms in that layer, appears to be spreading rate dependent. For example, R. N. Anderson (personal communication, 1976) has suggested that hydrothermal circulation penetrates deeper into the crust at slower spreading rates. Since this would amount to thinning our lower (conductively cooled) layer and moving it deeper, the phase-shifting effect would be reduced. In addition, although the position of the isotherms is assumed to be spreading rate independent in our simple model (Figure 5) , it is spreading rate dependent in more complex models [Sleep, 1975; Parker and Oldenburg, 1973] . Skewness measurements in anomalies 27-32 in the Pacific Ocean indicate that the amount of phase shifting is less for these anomalies formed at slower spreading rates. This might be explained by the deepening of the isotherms near the ridge crest at slower spreading rates as calculated by Sleep [1975] from a 100% melt) is to raise the temperature of a particular isotherm by 25%. If the crust is formed from a partial melt, the effect would be less. The pertinent isotherms in this study ( Figure 5 ) are those associated with the range of blocking temperatures for acquisition of thermoremanent magnetization for lower layer rocks, assumed to be between roughly ,500 ø and 600øC.
Although the isotherms in Figure 5 are calculated for a very simple model, they closely resemble isotherms calculated by Parker and Oldenburg [1973] and Sleep [1975] for more complicated models of moderate spreading rate (4 5 cm/yr) ridges. The main difference is within 2 or 3 km of the ridge crest, where the more complicated models assume a finite depth of intrusion. The discrepancy is only over a small portion of the total width of the transition zone.
The half-Gaussian filter is used to simulate the effect of sloping boundaries in the lower layer. The 'equivalent' halfGaussian filter refers to the integrated half-Gaussian curve, described by its standard deviation a, which most closely approximates the shape of a sloping boundary due to isotherms ( Figure 5 ). For a given lower layer thickness, increasing (decreasing) values of a for the half-Gaussian filter would correspond to decreasing (increasing) temperatures or isotherms in the layer, whereas a given value of a would correspond to increasing (decreasing) temperatures of isotherms in a thicker (thinner) lower layer. It is evident from the example shown in Figure 5 that the equivalent half-Gaussian curve only roughly approximates the shape of any isotherms. However, because of the uncertainties in our knowledge of the exact thermal structure of the oceanic crust, we feel that a simple representation of sloping magnetic boundaries using the half-Gaussian filter in these initial modeling experiments is justified. More exact representations of some other crustal isotherm models could be tried, but we would expect these to produce similar phase-shifting effects.
